Structural rearrangements underlying functional transitions of pentameric ligand-gated ion channels (pLGICs) are not fully understood. Using 19 F nuclear magnetic resonance and electron spin resonance spectroscopy, we found that ELIC, a pLGIC from Erwinia chrysanthemi, expanded the extracellular end and contracted the intracellular end of its pore during transition from the resting to an apparent desensitized state. Importantly, the contraction at the intracellular end of the pore likely forms a gate to restrict ion transport in the desensitized state. This gate differs from the hydrophobic gate present in the resting state. Conformational changes of the TM2-TM3 loop were limited to the N-terminal end. The TM4 helices and the TM3-TM4 loop appeared relatively insensitive to agonist-mediated structural rearrangement. These results indicate that conformational changes accompanying functional transitions are not uniform among different ELIC regions. This work also revealed the co-existence of multiple conformations for a given state and suggested asymmetric conformational arrangements in a homomeric pLGIC.
INTRODUCTION
Mammalian pentameric ligand-gated ion channels (pLGICs) mediate fast chemical signaling in the central and peripheral nervous systems. Malfunctions of these channels are often associated with neurological disorders and diseases (Moorhouse et al., 1999; Parri et al., 2011) . Understanding pLGICs at a structural and functional level facilitates the discovery and design of novel compounds of therapeutic potential. In recent years, X-ray structures of several pLGICs, both from prokaryotic (Bocquet et al., 2009; Dutzler, 2008, 2009 ) and eukaryotic origins (Hassaine et al., 2014; Hibbs and Gouaux, 2011; Miller and Aricescu, 2014) , have been determined. These crystal structures and the cryo-electron microscopy structure of the hetero-pentameric nicotinic acetylcholine receptor (nAChR) from Torpedo (Unwin, 2005) along with other structural data (Bondarenko et al., 2012 (Bondarenko et al., , 2014 Mowrey et al., 2013b Mowrey et al., , 2014 have greatly enriched our knowledge of the structure-function relationship of pLGICs.
pLGICs have at least three distinct functional states: the resting state, in which channels are closed in the absence of agonist; the open state, where agonist binding to the extracellular domain triggers channel opening and allows ions to pass through the transmembrane pore; and a desensitized state, where the channels are in a nonconductive state after prolonged agonist binding. Capturing high-resolution structures that accurately reflect all three functional states for a given channel has proven challenging (Gonzalez-Gutierrez et al., 2012) . Success in solving a crystal structure for one state does not guarantee equal success in solving a structure for another state. Thus, in addition to crystallography, other tools are often required in order to build a comprehensive picture for pLGICs.
Although the desensitized state of pLGICs is functionally distinct from the resting and open states (Wilson and Karlin, 2001) , the structural differences of a desensitized channel from those in the other two functional states are far less clear. The debate about what causes nonconductivity in the pore of desensitized pLGICs continues, despite the fact that several structural models have been proposed to describe pLGIC desensitization (Dellisanti et al., 2013; Keramidas and Lynch, 2013; Wang and Lynch, 2011; Zhang et al., 2011) . Further structural investigation is necessary to evaluate these models and to determine whether conformational rearrangement is uniform across all pLGICs or each pLGIC has its own unique structural change under desensitization.
Conformational flexibility is essential for the functions of pLGICs. It is reasonable to ask whether conformational variations in a given channel state can be accurately captured by a crystal structure since X-ray crystallography normally presents only a single conformation for pLGICs in a given functional state. Moreover, it is unclear whether a functional transition from one state to another involves a uniform global structural rearrangement or heterogeneous changes in certain regions. Structural displacements between the closed and open states have been reported recently for Gloeobacter violaceus (GLIC) (Bocquet et al., 2009; Hilf and Dutzler, 2009; Sauguet et al., 2014) and Torpedo nAChR (Unwin, 2005; Unwin and Fujiyoshi, 2012) , but the displacements found in these two proteins, especially in the transmembrane pore regions, differ significantly. High-resolution structures for more pLGICs at different states are needed for a thorough assessment of structural rearrangements accompanying functional transitions.
Here, we report a 19 F nuclear magnetic resonance (NMR) investigation of conformational changes between the resting and desensitized states of a prokaryotic pLGIC from Erwinia chrysanthemi (ELIC), with emphasis on the pore-forming transmembrane domain (TMD). Crystal structures of ELIC in the resting state have been determined to $3 Å resolution (Hilf and Dutzler, 2008; Pan et al., 2012b ) but co-crystallization of ELIC with its agonists has not yielded high-resolution structures that can unambiguously differentiate the resting and desensitized ELIC (Spurny et al., 2012; Dutzler, 2011). 19 F-NMR (Kitevski-LeBlanc and Prosser, 2012; Liu et al., 2012) is a valuable addition to crystallography and other approaches used for characterizing the structures and dynamics of pLGICs (Cymes and Grosman, 2008; Dellisanti et al., 2013; Purohit et al., 2013; Sauguet et al., 2014; Unwin and Fujiyoshi, 2012; Velisetty et al., , 2014 . The major findings from the present study include (1) a new NMR model for the desensitized ELIC with expansion at the upper half of the pore and contraction at the lower half of the pore, which is further supported by electron spin resonance (ESR) data; (2) co-existence of multiple conformations of ELIC in both the resting and desensitized states; and (3) nonuniform and asymmetric conformational rearrangements accompanying the channel's transition from the resting to the desensitized state.
RESULTS

Functional ELIC Constructs for 19 F-NMR
In order to use 19 F-NMR to reveal conformational changes between the resting and desensitized ELIC, we placed a single cysteine at various locations of the ELIC TMD ( Figure 1A ) after mutating the two native cysteine residues (C300A/C313S). The ELIC constructs were expressed in Xenopus laevis oocytes and two-electrode voltage clamp (TEVC) measurements were performed to ensure the functionality of each construct. The data ( Figure 1B ) confirm activation of all the ELIC constructs by the agonist propylamine (PA). The concentration-dependent activation curves were fit to the Hill equation. The values for the half maximal effective concentration (EC 50 ) values and the Hill coefficients are summarized in Table S1 . In addition, all ELIC constructs showed signs of desensitization during a prolonged ($15 min) exposure to the agonist PA ( Figure 1C ). It is predictable that these channels will be in a desensitized state when they are exposed to PA for hours in the course of the NMR experiments.
We tagged cysteine in the ELIC constructs with 2,2,2-trifluoroethanethiol (TET), which provides a trifluoromethyl probe (-CH 2 CF 3 ).
19
F-NMR spectra of ELIC were collected in the resting and desensitized states.
19 F-NMR chemical shift is sensitive to electrostatic and van der Waals interactions, while the linewidth of a 19 F resonance signal is predominantly affected by protein dynamics (Danielson and Falke, 1996; KitevskiLeBlanc and Prosser, 2012; Liu et al., 2012 Figure S1 ) show that the channel remained functional after TET labeling.
Conformations of ELIC in the Resting State
In the absence of an agonist, ELIC is in the resting state and has a closed channel (Hilf and Dutzler, 2008) . The 19 F-NMR spectra of ELIC in the resting state reveal at least two striking features (Figure 2A) . One is the dramatic dynamic variation among different regions of ELIC, which is reflected in a wide range of linewidths for NMR signals from different residue locations. Another is the co-existence of multiple ELIC conformations, which is revealed by double or triple NMR resonance peaks for a single residue. The linewidth and relative population of each peak were analyzed with Lorentzian peak fitting (Huestis and Raftery, 1972) . Table S1 for fit information) and reported as the mean ± SEM from n R 5 oocytes. Representative traces showing activation of ELIC with TET labeling are provided in Figure S1 . Figure 3A) . In contrast to those single narrow peaks, residues in the TM2-TM3 loop and the transmembrane pore have much broader 19 F-NMR signals. The observed peak broadening likely results from limited motional freedom of the residues. Since there was no more than 20% 19 F labeling in the NMR samples, the contribution of 19 F dipole coupling to the peak broadening is minimal. In addition to the peak broadening, residues in these regions are often associated with multiple peak components ( Figure 2A ). The observation of two or more distinct peaks for a single residue suggests a slow exchange between different conformations (Millet et al., 2000; Mowrey et al., 2013c) .
Three residues were labeled in the TM2-TM3 loop, 253 (22 0 ), 256 (25 0 ), and 260 (29 0 ). The numbers in parentheses are conventional prime notations (Miller, 1989) . Two resolvable peaks of approximately equal population are observed for residue 253 (22 0 ). Residue 256 (25 0 ), located in the middle of the TM2-TM3 loop, has three resolvable peak components. The broadness of the NMR signals suggests restricted motion of these residues, presumably because the TM2-TM3 linker is largely buried within the protein. The same reason may have led to multiple conformations of residues 253 (22 0 ) and 256 (25 0 ) under a given functional state. The existence of multiple peaks for a single residue is unlikely due to sample inhomogeneity; we collected only the pentameric 19 F-labeled ELIC from the size exclusion chromatography (SEC) for the NMR experiments ( Figure S2 ). The same quality of ELIC was used previously for crystal structures (Pan et al., 2012b) . 19 F-NMR signals for the pore-lining residues are strongly dependent on residue locations along the channel axis. Figure 2B shows that the profile of 19 F-NMR linewidths for these residues qualitatively matches the profile of the backbone pore radius F-NMR linewidths of pore-lining residues (gray bars), obtained from the Lorentzian peak fittings in (A), correlate with backbone pore radii of the ELIC closed-channel structure. The backbone pore radius profile was generated from the ELIC crystal structure (PDB 3RQW). See also Table S2 for peak fitting analysis and Figure S2 demonstrating the pentameric assembly of ELIC both before and after NMR data acquisition.
along the channel axis revealed in the crystal structure (Hilf and Dutzler, 2008; Pan et al., 2012b) . Residues 244 (13 0 ) and 237 (6 0 ), which form the smallest and the second smallest pore regions, respectively, have the broadest 19 F peaks. Residue 240 (9 0 ) constitutes a restricted hydrophobic ring in the middle of the channel and has a similarly broad 19 F peak. In contrast, residues at and near the intracellular end (À2 0 and 2 0 ) or the extracellular entrance (16 0 ) are at positions with relatively larger pore radii and have larger motional freedom. Their 19 F-NMR linewidths are approximately only half of those observed for 244 (13 0 ) and 237 (6 0 ). Several pore-lining residues demonstrate multiple conformations in the resting state. Residue 233 (2 0 ) is located in a fairly small pore region ( Figure 2B ). Interestingly, the residue has three distinct 19 F-NMR peaks ( Figure 2A ). Residue 229 (À2 0 ) has a minor conformation ($10%) that is 0.9 ppm away from the major conformation. Residue 247 (16 0 ) has two well-resolved peaks separated by 2.5 ppm with a minor conformation accounting for $20% of the total population. Both minor conformations have narrower linewidths and higher sensitivity to temperature changes than their major conformation counterparts ( Figure 3B ), suggesting a greater degree of solvent exposure for these minor conformations. Van't Hoff analysis using the peak volumes of the major and minor components ( Figure S3 ) suggests that conformational exchange between the major and minor conformations is enthalpically driven. A representative set of temperaturedependent 19 F-NMR spectra for ELIC and determination of the temperature coefficients are presented in Figure S3 . MD simulations of ELIC labeled with a trifluoromethyl probe at residue 247 (16 0 ) reveal orientations of the side chains and greater solvent exposure for the minor conformation ( Figure 3C ). The greater solvent exposure promotes flexibility of side chains and leads to narrower linewidths (Figure 2 ).
Conformations of ELIC in the Desensitized State
Although some ELIC constructs desensitized slower than others after exposure to the agonist PA for 15 min ( Figure 1C ), extrapolation of the desensitization curves suggests that all of the ELIC constructs in the presence of PA are in a desensitized state on the timescale of Such an insensitive response is consistent with loose coupling of TM4 from the rest of the TMD (Hilf and Dutzler, 2008; Pan et al., 2012b) . In contrast, residue 253 (22 0 ) in the TM2-TM3 loop displays substantial conformational changes in the desensitized state ( Figure 4B ). Its major population in the resting state becomes a minor population (22%) in the desensitized state, whereas the original minor population transforms into a major population with a broader linewidth (Tables S2 and S3 ). The line broadening is mainly caused by increased conformational heterogeneity in the desensitized state. We confirmed by performing SEC at the end of the NMR experiments that the observed changes in the 19 F-NMR spectra were due to conformational changes upon channel desensitization but not due to the loss of sample integrity or pentameric assembly ( Figure S2 ). The conformational change upon channel desensitization is also supported by ESR double electron-electron resonance (DEER) experiments on ELIC labeled with a methanethiosulfo- nate spin probe (MTSL) at residue 253 (22 0 ) ( Figure 5 ). The DEER experiment has been shown to be a valuable technique to measure inter-spin distances within membrane proteins (Dellisanti et al., 2013; Jeschke, 2012; Jeschke et al., 2004) . In particular, for a pentameric assembly containing single-labeled subunits, a bimodal distribution ( Figures  5A and 5B) consisting of an adjacent and nonadjacent distance is expected (Dalmas et al., 2012) . For a pentagon, a distance ratio of $1.6 between the nonadjacent and adjacent sites is anticipated (Figure 5C ). Upon desensitization, any changes to the bimodal distribution, or a change in the ratio between the two distances, may be indicative of conformational changes within the ion channel (Dalmas et al., 2012; Dellisanti et al., 2013) . Desensitization caused an increase in both the adjacent and nonadjacent inter-subunit distances and a broadening of the DEER distance distributions at residue 253 (22 0 ) ( Figure 5B ). The broadening of the DEER distance distributions is consistent with the increase of conformational heterogeneity revealed by 19 F-NMR upon desensitization ( Figure 4B ). Interestingly, residues 256 (25 0 ) and 260 (29 0 ) in the TM2-TM3 loop show almost no change in their NMR spectra ( Figure 4B ). Note that position 256 (25 0 ) in ELIC is at a homologous position between residues K248 (24 0 ) and P250 (26 0 ) of GLIC, for which a recent ESR study also showed little to no conformational changes upon desensitization (Dellisanti et al., 2013) .
Among the pore-lining residues, residue 233 (2 0 ) shows the most discernible spectral changes upon channel desensitization ( Figure 4C ), including population redistribution among the three conformations and broadened 19 F-NMR linewidths. Desensitization also results in NMR peak broadening for residues 229 (À2 0 ) and 237 (6 0 ). Conversely, overall line shapes for residues 240 (9 0 ), 244 (13 0 ), and 247 (16 0 ) become narrower. Since the 19 F-NMR linewidth is related to side-chain mobility, we quantified changes in peak linewidths for pore-lining residues based on the spectra collected in the two functional states. For residues with multiple peak components, their linewidths were calculated from a summation of the products of individual peak linewidth and the corresponding peak population. The results ( Figure 6 ) provide a basis for building a desensitization model for the pore region of ELIC. A trend of changes in the apparent linewidths for the pore-lining residues is clear (Figure 6B) . The contraction in the intracellular half of the pore upon ELIC desensitization (Figure 6C ) is demonstrated by the increased linewidths for residues 229 (À2 0 ), 233 (2 0 ), and 237 (6 0 ). The expansion in the extracellular half of the pore ( Figure 6C ) is supported by a decrease in the linewidths of residues 240 (9 0 ), 244 (13 0 ), and 247 (16 0 ). We further evaluated the proposed desensitized model for the pore of ELIC using ESR experiments, including three-pulse electron spin echo envelope modulation (ESEEM) and continuous wave (CW), for ELIC labeled with MTSL at positions 247 (16 0 ) and 233 (2 0 ) near the extracellular and intracellular ends of the pore, respectively. The intensity of the 2 H-ESEEM peak is a sensitive measure of solvent accessibility of the spin label (Carmieli et al., 2006; Salnikov et al., 2006) . Upon desensitization, the amplitude of the deuterium peak ($2.2 MHz) increased at site 247 (16 0 ) ( Figure 7A ) but decreased slightly at site 233 (2 0 ) (Figure 7B) , suggesting that solvent accessibility increased at the extracellular end and decreased at the intercellular end. The results are consistent with expansion of the extracellular half and contraction of the intercellular half of the pore as suggested by our NMR model ( Figure 6C ).
The desensitization model was also evaluated by measuring MTSL labeling efficiency for the closed and desensitized channels using CW ESR. For site 247 (16 0 ), we observed an increase of labeling efficiency if the sample was labeled after prolonged incubation with agonist ( Figure 7C ). However, for site 233 (2 0 ) we observed an opposite effect for labeling efficiency under the same conditions ( Figure 7D ). The increase and decrease in labeling efficiency for the extracellular and intercellular ends under the desensitization conditions, respectively, further support the desensitization model.
An extremely narrow ($20 Hz) peak at À66.0 ppm is notable in several spectra. We confirmed that the narrow peak resulted from spontaneous reduction of the TET-cysteine disulfide bond over long data acquisition times. Similar low-molecule products from in situ TET chemistry were reported previously (Klein-Seetharaman et al., 1999). The distinct narrow peak and chemical shift of the small compound had little impact on the data analysis of protein signals.
DISCUSSION
Our NMR and ESR experiments revealed conformational changes of ELIC in the absence and presence of an agonist, which presumably correspond to the resting and desensitized states, respectively. The NMR and ESR CW samples contained both lipid and detergent. The ESR DEER and ESEEM experiments were performed on ELIC in lipid vesicles that more closely resemble the environment for functional measurements. Nevertheless, both sample conditions provided consistent conformational changes. The changes observed in the transmembrane -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 -6 2 -6 6 -7 0 pore of ELIC from the resting state to a desensitized state agree well with the GABA A Rb3 structure (Miller and Aricescu, 2014) and is partially in line with several existing models (Auerbach and Akk, 1998; Keramidas and Lynch, 2013; Wilson and Karlin, 2001 ). The expanded extracellular portion of the pore was also observed in GLIC (Parikh et al., 2011; and GABA A Rb3 (Miller and Aricescu, 2014) . However, the contracted intracellular portion of the pore in the desensitized state, as observed at residue 229 (À2 0 ) and 233 (2 0 ) positions of ELIC, has only been reported for the desensitized GABA A Rb3 (Miller and Aricescu, 2014) . The enlargement of the upper end and contraction of the lower end of the ELIC pore may result from tilting of the pore-forming TM2 helix with a pivot point located between residues 237 (6 0 ) and 240 (9 0 ), which is consistent with the smallest changes in 19 F-NMR linewidths upon desensitization ( Figure 6B ). The contracted intracellular end in our model (Figure 6C ) could act as a gate to restrict ion flow in a desensitized channel. This gate is distinct from the hydrophobic gate at the upper half of the pore that restricts ion flow in the resting state. Although a high-resolution structure for desensitized ELIC has not yet been determined, the X-ray structure for the desensitized GABA A Rb3 (Miller and Aricescu, 2014) supports our model. ELIC has been referenced as a GABA A receptor homolog. The results provide insight into the desensitization mechanism for this group of channels.
In addition to the changes in the pore, modest structural rearrangement upon prolonged application of agonist in the desensitized ELIC was observed at the N-terminal end of the TM2-TM3 loop ( Figure 4B ). The TM2-TM3 loop mediates signal transduction from agonist binding to channel gating. The displacement of the TM2-TM3 loop between different functional states is not as dramatic as initially thought based on structural comparisons of different proteins (Bocquet et al., 2009; Dutzler, 2008, 2009; Unwin, 2005) . A comparison of the open and closed structures of GLIC (Bocquet et al., 2009; Sauguet et al., 2014) showed only a modest conformational change in the TM2-TM3 loops. Residue L246 (22 0 ) at the GLIC N-terminal end of the TM2-TM3 loop, equivalent to the ELIC L253 (22 0 ), switches its interacting partner from the resting conformation to the open conformation; whereas M252 (29 0 ) at the GLIC C-terminal end of the TM2-TM3 loop, equivalent to the ELIC T260 (29 0 ), remains in the same position (Sauguet et al., 2014) . A recent ESR study found that K248 (24 0 ) and P250 (26 0 ) in the middle of the GLIC TM2-TM3 loop remained in similar positions in both the resting and desensitized GLIC conformational states (Dellisanti et al., 2013) . These results agree with our observations on 256 (25 0 ) and T260 (29 0 ) of ELIC ( Figure 4B ). Altogether, it is reasonable to believe that the TM2-TM3 loop, except its N-terminal end, experiences only minor conformational changes during functional transition.
The existence of multiple side-chain conformations for a given functional state is one of the major findings from the current study. The results provide a structural basis for nonsingular channel conductance observed previously in single-channel recordings (Edelstein et al., 1997) . It is even more intriguing that conformational variations occur in some regions, such as the TM2-TM3 linker and the pore-forming TM2 helices (Figures 2  and 4 ), but not uniformly across the protein. Although the co-existence of multiple conformations was observed for the first time for ELIC, multiple conformations were suggested previously for GLIC (Sauguet et al., 2014) and the Torpedo nAChR (Unwin and Fujiyoshi, 2012) . Both the open and the locally closed conformations were observed simultaneously in the upper half of TM2 helices and the TM2-TM3 loop in the crystal structure of GLIC (Sauguet et al., 2014) . The ELIC 19 F-NMR data along with previous observations (Sauguet et al., 2014; Unwin and Fujiyoshi, 2012) present the likelihood of multiple conformations in the TM2 helices and the TM2-TM3 loops at a given functional state. ELIC is a homo-pentamer with five identical residues for each ring forming the ion permeation pathway. The observed multiple 19 F peak components for an individual residue, such as 229 (À2 0 ), 233 (2 0 ), or 247 (16 0 ), suggest that identical residues from different subunits can adopt different conformations. Such conformational variations may be required for channel functions. For instance, only two of four glutamates at the À1 0 position of the muscle-type nAChR were previously found to contribute to the amplitude of the single-channel current. The side chains of these glutamates must have adopted alternate conformations that either allow or prevent their negative charges from increasing the rate of cation conduction (Cymes and Grosman, 2012) . Alternate conformations among subunits of pLGICs were also observed in studies of the Torpedo nAChR (Unwin and Fujiyoshi, 2012) . The pore-lining helices of the b, a(g), and d subunits moved to different extents during channel opening, thereby widening the pore asymmetrically (Unwin and Fujiyoshi, 2012) . All these findings support the notion that asymmetric conformations and movements exist in pLGICs and are probably required for channel functions ( 
EXPERIMENTAL PROCEDURES 19 F-NMR Sample Preparation
All ELIC constructs used for NMR experiments were expressed as fusions of maltose-binding protein (Hilf and Dutzler, 2008; Pan et al., 2012a) . We introduced a single cysteine mutation after mutating native C300 and C313 to alanine and serine, respectively, using the QuikChange Lightening Mutageneis Kit (Agilent). Expression and purification of the ELIC constructs were conducted following protocols published previously (Hilf and Dutzler, 2008; Pan et al., 2012a) . TET (Aldrich) was covalently labeled to cysteine residues of the purified ELIC samples using the modified protocol reported previously Mehta et al., 1994) . Briefly, we added >70-fold excess of TET to the purified ELIC and shook the mixture at room temperature for 4 hr and then at 4 C overnight. Residual free TET was removed by dialysis and subsequent SEC using a Superdex 200 10/300GL column (GE Healthcare). The fraction corresponding to the pentameric ELIC was collected and concentrated for NMR measurements. Each NMR sample typically had 50-100 mM ELIC, $8 mM ($0.4%) n-undecyl-b-D-maltoside (Anatrace), 1 mM asolectin (Sigma), 75 mM NaCl, 25 mM sodium phosphate (pH 7), and 10% D 2 O for the lock of deuterium signals in the NMR experiments. labeled site and the protein concentration, was determined using a known concentration of trifluoroacetic acid as an internal 19 F reference. Since protein concentrations can be accurately measured and the same concentration of trifluoroacetic acid (TFA) standard was used, the assessment of labeling efficiency is fairly accurate.
19
F-NMR spectra for selected sites were collected at three temperatures: 283 K, 293 K, and 303 K. Spectrometer temperature was calibrated using a methanol standard. Temperature coefficients (ppb/ C) were calculated using the slope of chemical shifts plotted against temperatures.
Functional Measurements
The DNA encoding ELIC downstream of a T7 promoter was inserted into the vector pCMV-mGFP Cterm S11 Neo Kan (Theranostech) and the construct was confirmed with DNA sequencing. Single cysteine mutations were introduced using the same method as for the NMR samples. Preparation of RNA, expression in Xenopus laevis oocytes, and electrophysiology experiments were performed as previously reported (Pan et al., 2012a (Pan et al., , 2012b Tillman et al., 2013 Tillman et al., , 2014 . All procedures involving Xenopus laevis oocytes were approved by the University of Pittsburgh Institutional Animal Care and Use Committee (IACUC), Protocol 14114745. In order to ensure TET labeling did not destroy channel function, the purified TET-labeled ELIC was reconstituted into lipid vesicles as previously reported (Bondarenko et al., 2014) and injected into oocytes (50 nl; 2 mg/ml protein) for functional tests. Oocytes were clamped to a holding potential of À60 mV and the channel was activated by the agonist PA. The recording solutions contained 130 mM NaCl, 10 mM HEPES (pH 7.0), and the desired concentrations of PA.
Molecular Dynamics Simulations
MD simulations were performed on several ELIC constructs using NAMD2.9 (Phillips et al., 2005) and the CHARMM36 force field (Best et al., 2012) . In silico cysteine mutations and CF 3 CH 2 -labeling were performed on the ELIC crystal structure (Hilf and Dutzler, 2008; Pan et al., 2012a) , which was embedded in a fully hydrated and pre-equilibrated 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine lipid bilayer (Henin et al., 2008) . Each simulation system was energy minimized and equilibrated using the protocol reported previously (Mowrey et al., 2013a; Pan et al., 2012b) . The equilibrated systems were simulated with a time step of 2 fs at a constant pressure (1 atm) and temperature (283 K), which matches with the NMR experimental conditions. Other simulation parameters included Particle Mesh Ewald (Darden et al., 1993) long-range electrostatic interactions, 12-Å cutoff for nonbonded interactions, calculating bonded and nonbonded interactions at every time step, electrostatic interactions every two time steps, and hexagonal periodic boundary conditions with the dimensions 108 Å 3 108 Å 3 126 Å . Each system had at least two independent simulations and each simulation lasted for $50 ns.
ESR Spectroscopy DEER and CW ESR experiments were performed using a Bruker EleXsys 580 CW/FT X-band ESR spectrometer and the ESEEM ESR experiments were performed using a Bruker ElexSys 680 CW/FT ESR spectrometer. ELIC constructs were labeled with MTSL (1-oxyl-2,2,5,5-tetramethyl-D 3 -pyrroline-3-methyl methanethiosulfonate; Toronto Research Chemicals) using the same method as for TET labeling for the NMR samples. The four-pulse DEER experiments (Pannier et al., 2000) and the three-pulse ESEEM experiments (Mims, 1972) were performed at 80 K on samples containing the MTSL-labeled ELIC reconstituted in lipid vesicles, 20% (v/v) glycerol, and deuterated buffer. The CW was performed at 294 K on samples containing MTSL-labeled ELIC in lipid-containing detergent micelles. Time-domain DEER data were analyzed using DeerAnalysis2013 (Jeschke et al., 2006) . MTSL labeling efficiency was determined by the CW experiments, in which the spin concentration was measured and calibrated to a known nitroxide concentration. The experimental parameters used for DEER (Tavenor et al., 2014) and ESEEM have been previously reported.
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Supplemental Information includes three figures and three tables and can be found with this article online at http://dx.doi.org/10.1016/j.str.2015.03.017. Figure 3b as ppb/°C. (C) Van't Hoff analyses of the equilibrium constant K minor,major = Ln (P major /P minor ) based on the 19 F NMR peak volumes for the major (P major ) and minor (P minor ) conformations, as shown in (A). (D) Differences in enthalpy (ΔH˚m inor,major , solid) and entropy (ΔS˚m inor,major , hash) for the major and minor conformations of TET-labeled ELIC at positions 229 (green) and 247 (brown). Conformational transition from the minor to the major conformation is enthalpically driven. 
